In laboratory exposure experiments, Chattonella marina showed a deleterious effect on short-necked clams (Ruditapes philippinarum). Accumulated C. marina cells were observed in gill tissues of the clams exposed to C. marina. Immunohistochemical analysis using antiserum against the crude glycocalyx of C. marina suggested that the glycocalyx was present on the gill surface. Mucus substances prepared from gill tissue of the clams stimulated C. marina to generate increased amounts of O 2 -in a concentration-dependent manner. These results suggest that reactive oxygen species (ROS)-mediated gill tissue damage is one of the causative factors responsible for the harmful effect of C. marina on shellfish.
The raphidophycean flagellate, Chattonella marina, is one of the most noxious red tide phytoplankton and is generally known to be highly toxic to fish, especially to yellowtail, Seriola quinqueradiata (Ishimatsu et al., 1990; Hishida et al., 1997) . In the wild or in aquaculture, raphidophytes have been documented to be typically only ichthyotoxic (Landsberg, 2002) . A red tide of Chattonella antiqua occurred at Konagai, Nagasaki Prefecture, Japan in August 2000. In this red tide, it has been reported that the cell density of C. antiqua reached more than 1.0 Â 10 7 cells L À1 , and this red tide was associated with mass mortality of cultured short-necked clams (Ruditapes philippinarum) in addition to other wild marine organisms including fish. The economic loss of cultured short-necked clam was estimated to amount to a few hundred million yen ($ a few million). This incidence suggests that Chattonella exerts harmful effects not only on fish but also on shellfish, although we could not rule out the possibility that the shellfish mortality was due to environmental stress such as depletion of dissolved oxygen. To clarify this issue, we conducted C. marina exposure experiments on clams under laboratory conditions.
In this study, we used C. marina which had been isolated in Kagoshima in 1985, and was generously provided by Kagoshima Prefectural Fisheries Experimental Station, Japan. C. marina was maintained at 26 C in sterilized Erd-Schreiber modified (ESM) medium (pH 8.2) as described previously (Oda et al., 1992; Kim et al., 2000) . This strain of C. marina was confirmed to be highly ichthyotoxic even though the strain has been maintained under laboratory conditions for years (Ishimatsu et al., 1996) . The diatom Chaetoceros gracilis was maintained under the same culture conditions as C. marina. The cultures of C. marina and C. gracilis were diluted with ESM medium to suitable concentrations to test their effects on short-necked clams. Clams (R. philippinarum) were fed on C. gracilis in an indoor vessel at 30 C. Short-necked clams (R. philippinarum), with shell size from 2.5 to 4.0 cm (soft-body dry weight; 0.3-0.5 g) were used throughout the experiment. Mortality tests were conducted using 10 individuals for each experimental group at 30 C subjected to a natural light regime. To avoid effects of water pollution due to the presence of dead individuals, each healthy clam was placed in a beaker containing 200 mL of C. marina (2.5 Â 10 7 cells L À1 ) or C. gracilis (8.0 Â 10 8 cells L À1 ). Seawater in the exposure beakers was gently aerated to ensure homogeneous distribution of Chattonella cells. At 12 h intervals, the medium containing algal cells was renewed, and the condition of the clam was recorded. The clams were judged to be moribund by the lack of response to physical stimulation. ESM medium alone was also tested under the same conditions as a control.
Mucus was collected from gill lamellae of healthy clams by strong vortex in distilled water for 3 min and subsequent centrifugation (10 min; 14 000 g). Pooled mucus substances were dialyzed against distilled water for three days at 4 C, and the non-dialyzable fraction was centrifuged (10 min; 14 000 g) to remove insoluble materials. The supernatant was lyophilized and stored at À80 C before use. For immunohistochemical analysis, we prepared gill tissue of short-necked clams after C. marina exposure. The gill tissues were cut off, rinsed in diluted isotonic seawater, and were immediately transferred into vials of fixative (4% paraformaldehyde, pH 7.4). The vials, containing a gill tissue, were left in a rotating mixer at room temperature for 72 h before immunohistochemical analysis. Fixed gill tissues were incubated with anti-glycocalyx antiserum as a primary antibody (1:100 dilution) in phosphate-buffered saline (PBS) for 1 h at 25 C. The antiserum was prepared as described previously (Kim et al., 2001) . After washing twice with PBS, the gill tissue was incubated with FITCconjugated goat anti-rat IgG as a secondary antibody (1:10 000 dilution) for 30 min at 25 C. After a final washing with PBS, the gill tissue was observed with fluorescence microscopy (Olympus BX60). Control experiments were done by using normal rat serum instead of immune serum.
To detect O 2 -produced by C. marina, we used an O 2 --specific chemiluminescence probe, 2-methyl-6 ( p-methoxyphenyl)-3,7-dihydroimidazo[1,2-] pyrazin-3-one (MCLA), as described previously (Lee et al., 1995) .
To clarify whether or not C. marina produces harmful effects directly on shellfish, we conducted C. marina exposure experiments on short-necked clams (R. philippinarum).
The results clearly demonstrated that C. marina had a potent harmful effect on the clams. As shown in Figure 1A , all 10 individuals exposed to C. marina (2.5 Â 10 7 cells L À1 ) became moribund within 72 h, while 8 out of 10 individuals exposed to the medium alone under the same conditions survived 120 h exposure. Six out of 10 individuals exposed to high density of Chaetoceros gracilis (8.0 Â 10 8 cells L À1 ) survived under the same conditions. The mean levels of dissolved oxygen in the C. marina-exposure group, C. gracilis-exposure group, and control (medium alone) group were 82 AE 8%, 78 AE 8% and 81 AE 9%, respectively. These results suggest that the direct detrimental effect of C. marina on clams may result in the mortality of clams rather than the presence of high concentrations of algal cells or decrease in dissolved oxygen level. Our previous studies have demonstrated that the generation of O 2 -by C. marina depends on the growth phase; the rate of O 2 -generation became the
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highest during exponential growth phase and subsequently decreased to lower levels during stationary phase (Oda et al., 1995) . To gain insight into the relationship between O 2 -generation ability of C. marina and the harmful effect on clams, we conducted exposure experiments using C. marina in exponential and stationary growing phases after adjusting to the same cell concentration (2.5 Â 10 7 cells L
À1
). As shown in Figure 1B , C. marina in exponential growth phase tended to show slightly more potent effect on clams than in its stationary phase. In agreement with previous findings (Dola et al., 1995) , O 2 -detected in C. marina in exponential growth phase was $1.5 times higher than in stationary phase. Thus it seems likely that O 2 -is one of the possible factors responsible for the shellfish killing mechanism of C. marina.
It has generally been considered that suffocation is the direct cause of fish death by Chattonella. Ishimatsu et al. (Ishimatsu et al., 1990) demonstrated that a decrease in arterial oxygen partial pressure (PaO 2 ) was the earliest physiological disturbance observed in yellowtail exposed to C. marina. Furthermore, it has been reported that the gill tissues of yellowtails sampled when PaO 2 dropped were covered by mucous substances which were considered to be mucin secreted from the branchial mucus cells (Ishimatsu et al., 1996; Hishida et al., 1997) . Immunohistochemical analysis using anti-glycocalyx antiserum suggested that glycocalyx discharged from C. marina was also accumulated on the gill surface of yellowtail during C. marina exposure (Kim et al., 2001) . In addition, our recent study suggested that the glycocalyx contains the NADPH-dependent O 2 -generation enzymatic system (Kim et al., 2000) . On the other hand, O 2 -is known to stimulate mucus secretion in rat gastric mucosa (Hiraishi et al., 1991) . Based on these findings, one can speculate that O 2 -released from C. marina induces excessive mucus secretion from the gills, and gill mucus concomitantly causes the discharge of glycocalyx from C. marina cells. To ascertain whether or not such a toxic scenario is applicable for the shellfish killing mechanism of C. marina, and if C. marina exhibits a similar effect on the gill tissue of clams, we microscopically analyzed the gill tissues of clams exposed to C. marina. In phase-contrast microscopy, clumped C. marina cells were observed on the edge region of gill lamellae of the clams exposed to C. marina. (Figure 2A ). The presence of the relatively intact C. marina cells on the gill was also confirmed by the red fluorescence derived from chlorophyll of C. marina under green-light excitation ( Figure 2B ). The immunofluorescence observation of the same specimens using anti-glycocalyx antiserum showed potent fluorescence staining on the surface of the interlamellae region of the gill tissue of the clam exposed to C. marina, whereas no such intense staining was observed in the control gill tissue ( Figure 2C ). These results indicate that glycocalyx, which may be discharged from C. marina during contact with gill tissue mucus, adheres to the gill surface in addition to the accumulation of C. marina cells in the gill tissue area. Since fish mucus was found to enhance O 2 -production of C. marina (Nakamura et al., 1998) , we examined the effect of clam mucus on O 2 -generating activity of C. marina. When MCLA was added to C. marina cell suspension, a rapid chemiluminescence response was observed without a lag time ( Figure 3A ). This response induced by C. marina was inhibited by superoxide dismutase (SOD, 100 U mL À1 ) to background level of ESM medium alone ( Figure 3A ). Similar to fish mucus, C. marina showed much stronger chemiluminescence in the presence of gill mucus prepared from healthy clams (final 100 mg mL À1 ). The increased chemiluminescence was also suppressed by the addition of SOD (100 U mL À1 ) to the background level ( Figure 3A ). As shown in Figure 3B , the gill mucus exhibited a bell-shape dose-response over the range 0-500 mg mL À1 . These results suggest that clam gill mucus also includes certain substances which may activate the O 2 -generating system in C. marina. In conclusion, our results demonstrate that C. marina exhibits toxicity on short-necked clams through the direct detrimental effect on the clams. Therefore, it is possible that red tide of Chattonella causes mass mortality of shellfish in addition to fish especially at a high cell density (>1.0 Â 10 7 cells L À1 ). Although further studies are required to clarify the exact toxic mechanism of this flagellate on shellfish, the most probable scenario is that the contact of C. marina cells with gill tissue may trigger the discharge of glycocalyx from C. marina concomitant with increased O 2 -production, which may lead to ROSmediated massive mucus secretion from the gills and eventual suffocation due to such excessive mucus.
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